To investigate the neurotoxicity profile of glycidol and its effect on developmental hippocampal neurogenesis, pregnant Sprague Dawley rats were given drinking water containing 0, 100, 300, or 1000 ppm glycidol from gestational day 6 until weaning on day 21 after delivery. At 1000 ppm, dams showed progressively worsening gait abnormalities, and histopathological examination showed generation of neurofilament-L + spheroids in the cerebellar granule layer and dorsal funiculus of the medulla oblongata, central chromatolysis in the trigeminal nerve ganglion cells, and axonal degeneration in the sciatic nerves. Decreased dihydropyrimidinase-like 3 + immature granule cells in the subgranular zone (SGZ) and increased immature reelin + or calbindin-2 + γ-aminobutyric acidergic interneurons and neuron-specific nuclear protein (NeuN) + mature neurons were found in the dentate hilus of the offspring of the 1000 ppm group on weaning. Hilar changes remained until postnatal day 77, with the increases in reelin + and NeuN + cells being present at ≥ 300 ppm, although the SGZ change disappeared. Thus, glycidol caused axon injury in the central and peripheral nervous systems of adult rats, suggesting that glycidol targets the newly generating nerve terminals of immature granule cells, resulting in the suppression of late-stage hippocampal neurogenesis. The sustained hilar changes may be a sign of continued aberrations in neurogenesis and migration. The no-observed-adverse-effect level was determined to be 300 ppm (48.8 mg/kg body weight/day) for dams and 100 ppm (18.5 mg/kg body weight/day) for offspring. The sustained developmental exposure effect on offspring neurogenesis was more sensitive than the adult axonal injury.
Glycidol is a viscous liquid soluble in both water and organic solvents. It is used as a stabilizer in the manufacture of vinyl polymers, as a chemical intermediate in the pharmaceutical industry, and as an additive for oil (NTP, 1990) . Exposure to glycidol through food has recently become a worldwide concern based on possible release of glycidol by hydrolysis of glycidol fatty acid esters in the gastrointestinal tract. Glycidol fatty acid esters can be found in refined edible oils and fats, including infant formulas, especially in diacylglycerol oil at high concentration (Bakhiya et al., 2011; BfR, 2009) .
Glycidol was shown to be carcinogenic in long-term rat and mouse studies and classified by the International Agency for Research on Cancer (IARC, 2000) as a group 2A carcinogen, which is "probably carcinogenic to humans." In a repeated-dose toxicity study in rats and mice in which glycidol was administered by oral gavage for 13 weeks, neurotoxicity involving cerebellar necrosis was reported (NTP, 1990) . However, the neurotoxic mechanism of glycidol has not yet been elucidated. In addition, the risks of glycidol exposure during developmental periods have received little attention. In a toxicokinetic evaluation in rats following oral administration of [
14 C]-labeled glycidol, approximately 87-92% of the dose was absorbed from the gastrointestinal tract and the radioactivity could be detected in the brain at 72 h after administration (Nomeir et al., 1995) , suggestive of the potential of glycidol or its metabolites to permeate into the brain. As concern about the toxicological effects of glycidol increases, more information on adult and developmental neurotoxicity is necessary.
Neurogenesis in the subgranular zone (SGZ) of the dentate gyrus in the hippocampal formation of the brain is known to continue throughout postnatal life (Eriksson et al., 1998; Kempermann et al., 2004) . Postnatal or "adult" neurogenesis in the SGZ occurs from type-1 progenitor cells, which produce intermediate cell generations in the order of type-2a, type-2b, and type-3 cells and immature granule cells. Immature granule cells then differentiate into mature granule cells (Hodge et al., 2008; Kempermann et al., 2004; Knoth et al., 2010) . Gammaaminobutyric acid (GABA)-ergic interneurons in the hilus of the dentate gyrus control neurogenesis in the SGZ, providing projections to growing granule cells to help their differentiation (Duveau et al., 2011; Masiulis et al., 2011) . A subpopulation of GABAergic interneurons produces reelin, which regulates the maturation and migration of granule cell progenitors (D'Arcangelo et al., 1997; Gong et al., 2007; Lussier et al., 2009; Ramos-Moreno et al., 2006) .
Increasing numbers of chemicals have recently been shown to affect the proliferation and differentiation of progenitor cells in the SGZ during postnatal life in mice and rats Yoo et al., 2011) . We have previously shown sustained fluctuations in the numbers of interneurons producing reelin or expressing calcium-binding proteins such as calretinin (Calb2) and parvalbumin (Pvalb) in the hilus of the dentate gyrus of rats after exposure to neurotoxic substances. These suggest perturbed neurogenesis and mismigration of granule cell lineages (Ogawa et al., 2012; Saegusa et al., 2010; Shiraki et al., 2012) . It may be reasonable to evaluate the neurotoxic effects on neurogenesis by analyzing the distribution of neuronal progenitor cell populations in combination with interneurons in the dentate gyrus during the developmental period, as we have previously done for other neurotoxicants Wang et al., 2012) . Neurogenesis in the SGZ consists of self-renewal of stem cells and production of progenitor cells, proliferation and differentiation of progenitor cells, and maturation involving neuritogenesis and synaptogenesis of granule cell lineages (Hodge et al., 2008; Kempermann et al., 2004; Knoth et al., 2010) . Therefore, toxicants targeting axon terminals and synaptosomes, as well as cell proliferation, may cause developmental neurotoxicity.
In this study, we investigated the profile of neurotoxicity of glycidol on pregnant rat dams and the effects of developmental exposure to glycidol on neurogenesis in the offspring to identify whether the toxicity mechanism of glycidol has a common target in the mature nervous system and neurogenesis at developmental stage. To elucidate the effect levels and the reversibility of the effects of developmental exposure of glycidol on offspring neurogenesis, the dose-effect relationship on the distribution, proliferation, and apoptosis of granule cell lineages in the SGZ, and the distribution of interneuron subpopulations in the hilus of the dentate gyrus was examined at the end of the developmental exposure and at the adult stage. Because neurogenesis can be affected by thyroid hormone levels (Saegusa et al., 2010; Shiraki et al., 2012) , serum levels of thyroid-related hormones were also examined in dams and offspring.
MATeriALS AND MeTHoDS
Chemicals and animals. Glycidol (purity: 97.6%) was purchased from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan). Pregnant Crl:CD(SD) rats were purchased from Charles River Japan Inc. (Yokohama, Japan) at gestational day (GD) 2. (The appearance of vaginal plugs was designated as GD 0.) Pregnant rats were housed individually with their offspring in plastic cages with wood chip bedding until postnatal day (PND) 21 (where PND 0 is the day of delivery). Animals were maintained in an air-conditioned animal room (temperature: 23 ± 2°C, relative humidity: 55 ± 15%) with a 12-h light/dark cycle. Pregnant rats were provided ad libitum with a pelleted basal diet (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan) throughout the experimental period and with tap water until the start of exposure to glycidol. From PND 21 onwards, offspring were housed with three or four animals per cage and provided with the CRF-1 basal diet and tap water ad libitum.
Experimental design. Pregnant rats were randomly divided into four groups of 12 animals and treated with 0, 100, 300, or 1000 ppm glycidol in drinking water from GD 6 to PND 21. The high dose level was set at 1000 ppm based on the previous 13-week repeated-dose toxicity study (NTP, 1990) and expected to cause a slight decrease in body weight in the dams. Body weights and food and water consumption of dams were measured throughout the experimental period. After delivery, the litters were culled randomly on PND 4 to preserve six male and two female pups per litter. If dams had fewer than six male pups, more female pups were included to maintain a total of eight pups per litter. The offspring were weighed at 3-or 4-day intervals until weaning.
To assess neurological abnormalities, dams and offspring after weaning were scored on the appearance of gait abnormalities into the following four categories: grade 0, normal gait; grade 1, slightly abnormal gait with slight degrees of shuffling; grade 2, moderately abnormal gait with moderate degrees of shuffling; and grade 3, severely affected gait including inability to support the body weight and spreading of all extremities. Assessments were made by placing individual animals free in Plexiglas boxes (90 × 90 × 20 cm) for 3 min in an observer-blinded fashion to the group name of animals.
On PND 21, which is the prepubertal stage, 31-33 male and 11 female offspring per group (1-3 males and 1 female per dam) and all dams were killed by exsanguination from the abdominal aorta under CO 2 /O 2 anesthesia and subjected to necropsy. The remaining animals were maintained until PND 77, and body weights and food consumption were measured weekly. On PND 77, 30-33 male and 11 female offspring per group (1-3 males and 1 female per dam) were killed and subjected to adult-stage necropsy. Body and brain weights were determined for all animals on both necropsy days.
All procedures of this study were conducted in compliance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 1 June 2006) and according to the protocol approved by the Animal Care and Use Committee of Tokyo University of Agriculture and Technology. All efforts were made to minimize animal suffering.
Hormone analyses. Blood samples collected from all dams and 11 male offspring per group (one male per dam) on PND 21 were centrifuged at 1600 × g for 10 min, and the serum was stored at −80°C. Serum concentrations of thyroid-stimulating hormone (TSH), triiodothyronine (T 3 ), and thyroxine (T 4 ) were measured by rodent ELISA test kit (Endocrine Technologies, Newark, CA) with a microplate reader (FLUOstar Optima, BMG Labtechnologies, Durham, NC).
Histopathology.
Tissues from 11 male offspring from 11 dams per group (1 male per dam) from both necropsy days were subjected to histopathological evaluation. Tissues from all dams killed at PND 21 were also histopathologically examined.
The brains of offspring and dams, the trigeminal nerve, sciatic nerve, and spinal cord of dams were removed. At necropsy of dams, the sciatic nerves were exposed and subjected to in situ fixation by immersion in Bouin's solution for 3 min before sampling for histopathological assessment of axonal changes, according to the method described previously (Takahashi et al., 2009) . Spinal cord tissues at the cervical, thoracic, and lumbar levels were removed en bloc with the vertebral bone. All removed tissues were fixed in Bouin's solution with agitation at 4°C overnight and then sliced. After fixation, the vertebral bone with spinal cord tissues were decalcified in Plank-Rychlo solution at room temperature with agitation for 48 h and then deacidified in 5% sodium sulfate solution at room temperature with agitation for 48 h. For analysis of the hippocampal dentate gyrus, coronal brain slices were prepared at the position of −3.0 mm from the bregma in offspring killed at PND 21 and at −3.5 mm from the bregma in offspring killed at PND 77 and dams. For analysis of the cerebellum and medulla oblongata, sagittal slices were prepared of the cerebellums and brain stems of dams. Tissue slices were routinely processed GLYCIDOL AFFECTS AxONS AND NEUROGENESIS for paraffin embedding and sectioned at 3 µm. Sections were then stained with hematoxylin and eosin for light microscopy.
Immunohistochemistry and apoptotic cell detection. Brain sections collected from male offspring on PND 21 and PND 77 were subjected to immunohistochemistry using primary antibodies against reelin (clone G10, mouse (Knoth et al., 2010) , doublecortin (DCx; rabbit IgG, 1:1000; Abcam Inc., Cambridge, UK), expressed in type-2b and type-3 progenitor cells and immature granule cells (Kempermann et al., 2004) , T box brain 2 (Tbr2; rabbit IgG, 1:500; Abcam Inc.), expressed in type-2b progenitor cells (Hodge et al., 2008) , paired box 6 (Pax6; clone AD2.38, mouse IgG 1 , 1:500, Abcam Inc.), expressed in type-1 stem cells and type-2a progenitor cells (Hodge et al., 2008) , and glial fibrillary acidic protein (GFAP; clone GA5, mouse IgG 1 , 1:200; Millipore Corporation), expressed in astrocytes and type-1 stem cells (Kempermann et al., 2004) . In addition, dam brains were subjected to immunohistochemistry for neurofilament-L (NF-L; clone 2F11, mouse IgG 1 , 1.100, Dako), and trigeminal nerve sections were immunohistochemically stained for phosphorylated NF-H (p-NF-H; clone RT97, mouse IgG 1 , 1:100, Abcam Inc.). Incubation with the respective primary antibodies was performed overnight at 4°C.
Deparaffinized sections were incubated in 0.3% hydrogen peroxide solution in absolute methanol for 30 min to quench endogenous peroxidase. Heatinduced antigen retrieval was performed for Tbr2 antibody by autoclaving at 121°C for 10 min and for Calb1, Calb2, and Pvalb antibodies by microwaving at 90°C for 10 min in 10mM citrate buffer (pH 6.0). No antigen retrieval was performed for the other antibodies. Immunodetection was carried out using a Vectastain Elite ABC kit (Vector Laboratories Inc., Burlingame, CA) with 3,3′-diaminobenzidine (DAB)/H 2 O 2 as the chromogen. Immunostained sections were then counterstained with hematoxylin and coverslipped for microscopic examination. For double staining of reelin and NeuN, DAB was used to visualize reelin, and a Vectastain ABC-AP kit (Vector Laboratories Inc.) with a Vector Red Alkaline Phosphate Substrate Kit I (Vector Red; Vector Laboratories Inc.) was used to visualize NeuN. For double staining of Calb2 and reelin, DAB was used to visualize Calb2, and a Vectastain ABC-AP kit with Vector Red was used to visualize reelin.
For evaluation of apoptosis in the SGZ of the dentate gyrus of the offspring, a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was applied to brain sections. Deparaffinized sections were treated with 20 μg/ml of proteinase K in PBS (pH 7.4) for 15 min at room temperature and then incubated in 3.0% hydrogen peroxide in PBS for 5 min. Detection of apoptotic cells was carried out using a ApopTag in situ apoptosis detection kit (Millipore Corporation) according to the manufacturer's instructions, with DAB/H 2 O 2 as the chromogen.
Morphometry of immunolocalized and apoptotic cells.
In the SGZ of the dentate gyrus, TUC-4 + , DCx + , Tbr2 + , Pax6 + , and GFAP + cells, indicating cells of granule cell lineage, apoptotic cells, as detected by the TUNEL-assay and nuclear immunoreactivity of cleaved caspase-3, and proliferating cells, as detected by nuclear immunoreactivity of PCNA, were bilaterally counted and normalized for the length of the granule cell layer (Supplementary fig. 1 ). NeuN + , reelin + , Calb1 + , Calb2 + , and Pvalb + cells distributed in the hilus of the dentate gyrus were bilaterally counted and normalized per unit area of the hilar area (polymorphic layer). These immunolocalized and apoptotic cells were analyzed in double-blinded experimental method. CA3 neurons distributed in this area could easily be distinguished from hilar interneurons and were excluded from counting. For quantitative measurement of each immunoreactive cellular component or TUNEL-assay, digital photomicrographs at ×100-fold magnification were taken using a Bx51 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) attached to a DP70 Digital Camera System (Olympus Optical Co.), and quantitative measurements were performed using the WinROOF image analysis software package (version 5.7, Mitani Corp., Fukui, Japan).
Real-time RT-PCR analysis.
Real-time RT-PCR analysis on mRNA expression in the hippocampal dentate gyrus was performed in offspring on PND 21. Brain tissues were dissected according to the method described previously . In brief, removed whole brains were fixed in a methacarn solution for 5 h at 4°C with agitation, dehydrated three times for 1 h in fresh 99.5% ethanol, and stored overnight at 4°C with agitation. Twomillimeter-thick coronal cerebral slices were prepared at the position of −2.8 mm from the bregma. Portions of the hippocampal dentate gyrus were collected from the slice using punch-biopsy devices with a pore size of 1 mm (Kai Industries Co., Ltd., Gifu, Japan) and stored at −80°C in 99.5% ethanol.
Total RNA was isolated from tissue samples of the 0 ppm controls and 1000 ppm group (n = 6 per group) using QIAzol (Qiagen, Hilden, Germany) together with miRNeasy kit (Qiagen) according to the manufacturer's protocol. Analysis of the mRNA levels for molecules shown in Supplementary table 1 was performed using real-time RT-PCR. Using 1 μg of total RNA, first-strand cDNA was synthesized in the presence of dithiothreitol, deoxynucleoside triphosphate, random primers, RNaseOUT, and SuperScript III Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA) in a 20-μl total reaction mixture. Real-time RT-PCR with Power SYBR Green PCR Master Mix (Applied Biosystems Japan Ltd., Tokyo, Japan) was performed using a StepOnePlus Real-time PCR System (Applied Biosystems Japan Ltd.) according to the manufacturer's protocol. The PCR primers for each gene were designed using Primer Express software (Version 3.0; Applied Biosystems Japan Ltd.). The relative differences in gene expression were calculated using threshold cycle (C T ) values that were first normalized to those of the hypoxanthine phosphoribosyl transferase 1 (Hprt) or glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene as the endogenous control in the same sample and then relative to a control C T value by the 2 CT −∆∆ method (Livak and Schmittgen, 2001 ).
Statistical analysis. Numerical data are expressed as mean ± SD. Maternal body weights, food and water consumption, brain weights, and immunoreactive cell counts were analyzed using the individual animal as the experimental unit. Offspring body and brain weights, immunoreactive cell counts for each antigen, and numbers of apoptotic cells were analyzed using the litter as the experimental unit. Differences between the 0 ppm control and each glycidol-exposed group were evaluated using the following methods. Data were analyzed by Bartlett's test for homogeneity of variance. If the variance was homogenous, numerical data were assessed using Dunnett's test to compare between the control and each exposure group. For heterogeneous data, Steel's test was used. Numerical data consisting of two sample groups were analyzed by the F-test for homogeneity of variance. Student's t-tests were applied when the variance was homogenous between the groups, and Aspin-Welch's t-test was performed when the data were heterogeneous.
Categorical data such as gait score and severity of histopathological lesions analyzed by grading of change were compared using the Mann-Whitney U-test.
reSuLTS

Maternal Parameters
There was one nonpregnant animal in each group, as shown by examination of uterine implantation sites, and these animals were excluded from the experiment. The numbers of implantation sites were not different between the groups. Maternal exposure to glycidol did not affect the live birth ratio or male pup ratio (Table 1 ). All dams exposed to 1000 ppm glycidol exhibited abnormal gait, with a progressive increase in abnormal gait scores over time (Table 2) . Two dams in the 1000 ppm group exhibited slight shuffling (grade 1) on PND 11. All dams in this group had scores of ≥ grade 1 from PND 14 onward and some dams reached grade 3 on PND 18. From PND 14 onward, gait scores in the 1000 ppm group were significantly higher than those in the 0 ppm controls. There were no observable gait abnormalities in the dams of the other groups during the exposure period. Significant decreases in body weight were observed from GD 10 to PND 21 in the 1000 ppm group and on PND 21 in the 300 ppm group compared with those of the 0 ppm controls (Fig. 1A ). Significant decreases in food consumption were observed throughout the exposure period in the 1000 ppm group, from PND 2 to PND 14 and on PND 21 in the 300 ppm group, and on PND 2 in the 100 ppm group compared with those of the 0 ppm controls (Fig. 1B) . Water consumption was significantly decreased throughout the exposure period in the 1000 ppm group and between GD 16 and PND 21 in the 300 ppm group compared with that of the 0 ppm controls (Fig. 1C) . At necropsy on PND 21, absolute brain weights were lower and relative brain weights were higher in the 1000 ppm group than those in the 0 ppm controls (Table 3) . Note. Data are expressed as mean ± SD.
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Clinical Observations and Necropsy Data of Offspring
No apparent abnormalities were found in any of the offspring during clinical observations before necropsy. All offspring after weaning also showed no abnormalities in gait scores (data not shown). Body weights in both male and female offspring of the 1000 ppm group between PND 4 and PND 77 and in male offspring of the 300 ppm group between PND 11 and PND 35 were significantly lower than those of the 0 ppm controls on the same day (Table 4) . Food consumption was significantly lower than that of the 0 ppm controls in male offspring of the 1000 ppm group between PND 28 and PND 77 and in male offspring of the 300 ppm group between PND 35 and PND 49 (Table 5) . No significant differences were observed in food consumption of the female offspring. On necropsy at PND 21, body weights were significantly reduced in male offspring of the ≥ 300 ppm groups and in female offspring of the 1000 ppm group compared with those of the 0 ppm controls. Body weights were also lower in offspring of both sexes in the 1000 ppm group than those of the 0 ppm controls on PND 77 (Table 6) . On PND 21, absolute brain weights were reduced and relative brain weights were increased compared with those of the 0 ppm controls in offspring of both sexes in the 1000 ppm group. Similar changes were found in both absolute and relative brain weights in male offspring and in absolute brain weights in female offspring on PND 77. In the 300 ppm group on PND 21, relative brain weights of male offspring were increased and absolute brain weights of female offspring were reduced compared with those of the 0 ppm controls. There were no significant differences in brain weights of the 300 ppm group on PND 77.
Serum Concentrations of Thyroid-Related Hormones
In dams, serum TSH concentrations were significantly increased in the 300 and 1000 ppm groups compared with those of the 0 ppm controls (Table 7) . Serum concentrations of T 3 and T 4 were higher than those of the 0 ppm group in the 300 ppm group but not in the 1000 ppm group. In the offspring, serum T 3 concentrations were increased in the 1000 ppm group compared with those of the 0 ppm controls. There were no significant differences in serum concentrations of TSH and T 4 between the offspring of the 0 ppm controls and the offspring of any of the exposure groups.
Histopathology and NF-L and p-NF-H Immunoreactivity in Dams
The results of the histopathological assessments on neurotoxicity in dams are shown in Table 8 . In the trigeminal nerves, central chromatolysis of ganglion cells was observed in all dams of the 1000 ppm group (Supplementary fig. 2A ). Axonal degeneration in the sciatic nerves was also evident in this group (Supplementary fig. 2B ). There were significant differences in the histopathological grades of central chromatolysis and axonal degeneration between the 0 ppm controls and 1000 ppm group. These histopathological changes were not found in dams of the 100 and 300 ppm groups.
In most of dams of the 1000 ppm group, many NF-L + spheroids were observed in the granule cell layer of the cerebellum, extending to white matter tissues (Fig. 2) . No such spheroids were found in the 100 and 300 ppm groups. NF-L + spheroids were also observed in the dorsal funiculus of the medulla oblongata (Fig. 2) . In the trigeminal nerves, the number of p-NF-H + ganglion cells was significantly decreased in the 1000 ppm group compared with that of the 0 ppm controls (Fig. 3) . No such decreases in p-NF-H + ganglion cells were found in the 100 and 300 ppm groups.
Distribution of Neuronal Progenitor Cells in the SGZ of Offspring
On PND 21, a dose-related decrease in the number of TUC-4 + cells in the SGZ was observed in the glycidol exposure groups, with the difference being statistically significant in the 1000 ppm group compared with that in the 0 ppm controls (Fig. 4) . As for the number of DCx 
Distribution of Interneurons and NeuN + Mature Neurons in the Dentate Hilus of Offspring
On PND 21, significantly increased densities of NeuN + , reelin + , or Calb2 + cells in the hilus were observed in offspring of the 1000 ppm group compared with those in offspring of the 0 ppm controls (Fig. 5 ). There were no significant differences in the densities of Calb1 + or Pvalb + cells in the hilus between the 0 ppm controls and any of the glycidol exposure groups. On PND 77, significant increases were observed in the densities of NeuN + and reelin + cells in the 300 and 1000 ppm groups and of Calb2 + cells in the 1000 ppm group compared with those in the 0 ppm controls. No statistically significant differences were observed in the densities of Calb1 + and Pvalb + cells between the 0 ppm controls and any of the exposure groups.
The density of cells expressing reelin but lacking or weakly expressing NeuN was increased in the offspring of the 1000 ppm group compared with that in the offspring of the 0 ppm controls on both PND 21 and PND 77 (Fig. 6) . No statistically significant differences were observed in the density of reelin + and NeuN + cells between the 0 ppm controls and the 1000 ppm group. The densities of Calb2 + and reelin − cells, and reelin + and Calb2 − cells were significantly increased in the 1000 ppm group compared with those in the 0 ppm controls on both PND 21 and PND 77 (Fig. 6) . No statistically significant differences were observed in the density of Calb2 + and reelin + cells between the 0 ppm controls and the 1000 ppm group on either PND 21 or PND 77.
Proliferating and Apoptotic Cells in the SGZ of Offspring
There were no statistically significant differences in the numbers of PCNA + -proliferating cells and cleaved caspase-3 + or TUNEL + apoptotic cells in the SGZ between the 0 ppm controls and any of the exposure groups on either PND 21 or PND 77 (Fig. 7) . 
Transcript Expression in the Hippocampal Dentate Gyrus of Offspring
With regard to the genes related to neuronal plasticity and myelination, transcript expression levels of Ncam2 after normalization with the level of Hprt and Gapdh, those of Mag and Mal after normalization with the Gapdh level significantly decreased at 1000 ppm group compared with those of the 0 ppm controls (Table 9) . Tubb3, Map2, and Slc17a7 did not differ transcript levels between 0 ppm controls and 1000 ppm group (Table 9 ). With regard to the genes related to cell proliferation and apoptosis, there were no significant differences in any transcript expression levels between 0 ppm controls and 1000 ppm group (Supplementary table 2) .
DiSCuSSioN
In this study, oral exposure to glycidol induced progressive gait abnormalities in maternal rats. Histopathological analysis revealed formation of spheroids immunoreactive for NF-L in the cerebellar granule cell layer and dorsal funiculus of the medulla oblongata, central chromatolysis in the trigeminal nerve ganglion cells, and axonal degeneration in the sciatic nerves in dams in the 1000 ppm group, which suggests development of central and peripheral axonopathy. Maternal exposure to 1000 ppm glycidol caused a decrease in the number of TUC-4 + cells, which are considered to be immature granule cells (Knoth et al., 2010) , in the SGZ of the offspring on PND 21. The offspring also showed increased densities of reelin + , Calb2 + , and NeuN + cells in the dentate hilus on PND 21. These changes were sustained until adulthood, and the changes in reelin + or NeuN + cells were dose dependent from 300 ppm, suggesting that the effect was irreversible. To our knowledge, this study is the first to show that glycidol induces axonal injury in adult rats and affects hippocampal neurogenesis in developing animals.
The formation of NF-L + spheroids in the dorsal funiculus of the medulla oblongata in dams found in this study suggests injury to axons in ascending spinal cord tracts of sensory perception projecting to the medulla oblongata and the 
TAbLe 7 Serum Concentrations of Thyroid-related Hormones
cerebellum. Spheroid formation in the cerebellum suggests injury to axons in ascending tracts projecting to the cerebellar vermis, or of Purkinje or granule cells. Axonal injuries were also found in peripheral nerves. Similar changes were observed after exposure to acrylamide, ethylene oxide, n-hexane, and γ-diketone, which are well-known neurotoxicants that induce neurotoxicity mediated by degeneration of distal axons in the central and peripheral nervous systems (Graham, 1999; Lee et al., 2005; LoPachin, 2004; LoPachin and DeCaprio, 2004) . The morphological hallmark of this type of neuropathy is considered to be swelling of distal nerve terminal and preterminal axons accumulating NF and eventual degeneration starting at the distal ends of axons (LoPachin, 2004; LoPachin and DeCaprio, 2004; LoPachin and Lehning, 1994; Spencer and Schaumburg, 1978) . Acrylamide and ethylene oxide are known to adduct NFs, resulting in axonal swellings filled with NFs (Graham, 1999) . Both ethylene oxide and glycidol have epoxide groups that can adduct proteins; thus, these toxicants are likely to affect the function of NFs through similar mechanisms.
P-NFs are major cytoskeletal proteins of myelinated neurons that play a critical role in the regulation of the radial growth of axons and of conduction velocity (Liu et al., 2004) . Abnormal NF assembly and phosphorylation in cell bodies is the hallmark of neurodegenerative diseases such as Alzheimer's disease and amyotrophic lateral sclerosis (Liu et al., 2004) . Experimentally, decreased NF phosphorylation was observed in dorsal sensory neurons after exposure to cisplatin and oxaliplatin (Jamieson et al., 2009) . The decrease in p-NF-H + ganglion cells and the induction of central chromatolysis in the trigeminal nerves found in this study strongly suggests glycidol-induced neuronal injury in the peripheral nervous system.
In a previous study, maternal exposure to acrylamide induced no apparent neurotoxicity in the axon terminals of the offspring in rats at the toxic levels to dams (Takahashi et al., 2009) . However, we recently showed that developmental exposure of acrylamide had neurotoxic effects on late-stage neurogenesis, targeting immature granule cells in the hippocampal dentate gyrus (Ogawa et al., 2011 (Ogawa et al., , 2012 . In this study, maternal glycidol exposure reduced the distribution of early-postmitotic immature granule cells (Knoth et al., 2010) in the SGZ on PND 21 at 1000 ppm, whereas the distribution of early-stage progenitor cells was unchanged. Because DCx + cells comprise a large number of cell populations ranging from type-2b progenitor cells to immature granule cells (Kempermann et al., 2004) , in contrast to the small number of Tbr2 + type-2 progenitors and TUC-4 + immature granule cells, the majority of DCx + cells may be type-3 progenitors. Considering the changes in the minor immature granule cell populations, the lack of changes in DCx + and Tbr2 + cells in this study suggests It is reported that immature granule cells already have dendritic growth cones and recurrent basal dendrites, which suggests that they have entered the process of synaptogenesis (Ribak et al., 2004) . It is well established that the molecular mechanisms controlling neuronal migration during development have many similarities with those described for axon guidance and neuritogenesis (Nóbrega-Pereira and Marín, 2009 ). We also observed transcript downregulation of genes related to neuronal plasticity, that is, Mag and Ncam2 (Quarles 2009; Winther et al., 2012) and myelination, i.e., Mal (SchaerenWiemers et al., 2004) , in the hippocampal dentate gyrus at the end of glycidol exposure. Therefore, the induction of axon Similar to the developmental exposure to acrylamide and antithyroid agents (Ogawa et al., 2012; Saegusa et al., 2010; Shiraki et al., 2012) , exposure to glycidol increased the numbers of reelin + and Calb2 + interneurons, as well as the number of NeuN + neurons in the dentate hilus in rats. Calb2 + interneurons in the dentate gyrus are known to interconnect with other interneurons and to coordinate the activity of the entire hippocampus by controlling the activity of inhibitory GABA neurons connecting to granule cells (Gulyás et al., 1996) . Reelin secreted by GABAergic interneurons in the hilus regulates the migration and maturation of newborn granule cells in adults (D'Arcangelo et al., 1997; Gong et al., 2007; Lussier et al., 2009; Ramos-Moreno et al., 2006) . Therefore, the increased numbers of reelin-, NeuN-, and Calb2-expressing neurons observed here were considered to be GABAergic interneurons responding to neuronal mismigration due to impaired neurogenesis of dentate granule cells. Because the number of cells coexpressing reelin and Calb2 was very low, the reelin-producing interneurons were different from those of Calb2 + interneurons. In this study, glycidol at 1000 ppm resulted in body weight reduction of offspring after birth in this study. We previously examined the effect of undernutrition during GD 10-PND 21 on offspring neurogenesis utilizing a rat intrauterine growth restriction model and found that offspring did not change the distribution of cells suggestive of GABAergic interneurons in the dentate hilus and the neurogenesis in the SGZ (Ohishi et al., 2010) . Therefore, effect of growth retardation on neurogenesis may be negligible in this study. Interestingly, we observed a sustained increase in interneurons expressing reelin but lacking or weakly expressing NeuN in the dentate hilus. Low expression of NeuN reflects the immature nature of neurons (Seki, 2002) . A decrease in TUC-4 + immature granule cells may be responsible for the increase in immature reelin-expressing interneurons in the hilus. Although the change in immature granule cells was reversible, the sustained increase in these interneuron populations in the hilus through to the adult stage may be a sign of continued aberration in neurogenesis and migration.
Thyroid hormones are essential for normal brain development (Bernal and Nunez, 1995) . In this study, serum T 3 concentrations were increased in offspring of the 1000 ppm group. Recent studies have shown induction of impaired synaptic plasticity and spatial memory task deficits in adult rats, suggesting that hyperthyroidism affects neurogenesis (Taşkın et al., 2011) . Affected animals showed shorter and fewer dendritic arborizations of hippocampal granule cells (Martí-Carbonell et al., 2012) . Therefore, developmental exposure to 1000 ppm glycidol in this study may have affected the homeostasis of thyroid hormones influencing neurogenesis in the offspring. However, considering the capacity of glycidol to induce axonopathy without affecting serum T 3 and T 4 concentrations at 1000 ppm in dams, it is likely that glycidol itself primarily targets the newly generating nerve terminals at the late stage of neurogenesis in offspring.
In this study, glycidol intakes of dams were 18.5, 48.8, and 108.8 mg/kg body weight/day in the 100, 300, and 1000 ppm groups, respectively. The estimated daily glycidol exposure through refined edible oils and fats in adult humans (60 kg) is approximately 1.33 μg/kg/day (maximum daily fat intake: 80 g) (Bakhiya et al., 2011) . This assessment was based on an assumed glycidol content of 1 mg/kg vegetable fat and on the worst-case scenario that 100% glycidol could be released from the esters during digestion and would be available to the organism. In this study, the no-observed-adverse-effect level (NOAEL) of glycidol was determined to be 300 ppm (48.8 mg/kg body weight/day) for dams because of the central and peripheral axonopathy. The NOAEL for the offspring was determined to be 100 ppm (18.5 mg/kg body weight/day) because of the sustained increase in reelin-producing cells and mature neurons in the hilus as examined in male offspring and decrease of absolute brain weight in female offspring. The NOAELs for dams and offspring were approximately 35,000 and 15,000 times higher than the hypothetical exposure value of glycidol for adult humans. It has previously been shown that a commercial edible oil containing high concentrations of diacylglycerol developed for specified health uses in Japan contained glycidol fatty acid esters at 12-to 40-fold greater levels than other edible oils, suggesting an increased risk to human health (Masukawa et al., 2010) . Of note, administered glycidol is mutagenic and acts as a genotoxic carcinogen in rats (NTP, 1990) ; thus, appropriate efforts to reduce glycidol concentrations in foodstuffs should continue (BfR, 2009 ).
In conclusion, we have shown that 1000 ppm glycidol in the drinking water (108.8 mg/kg body weight/day) induced axonopathy in the central and peripheral nerve systems of maternal rats. The same dose of glycidol reversibly decreased the number of immature granule cells in the SGZ of the offspring, suggestive of aberrations in late-stage neurogenesis, targeting the process of neurite extension. In the dentate hilus, exposure to ≥ 300 ppm (48.8 mg/kg body weight/day) caused sustained changes in the distribution of interneuron subpopulations, which suggests an irreversible effect of glycidol on neurogenesis.
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